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Abstract
The aim of this work was to compare oxidative phosphorylation activity and its kinetic control on isolated rat liver
mitochondria in either various ionic or sucrose isoosmotic media. Whatever the ionic medium, state 3 and uncoupled state
respiratory rates were higher in ionic than in sucrose media, although state 4 respiration rate remained constant. Moreover,
under isoosmotic conditions, the salt concentration necessary for half state 3 stimulation depends on the cation involved: for
inorganic cations, these K values increased, as did the absolute value of hydratation enthalpy. The ATPrO ratio did not0.5
vary in any medium and matrix volume was about 20% increased in ionic media. JO versus D p relationships were2
left-shifted in ionic media compared to sucrose medium: for the same respiratory rate, the protonmotive force maintained
was lesser in ionic media. However, the relationship between JO and D p is unique whatever the ionic medium under2
study. In ionic media compared to the sucrose medium, kinetic control was increased on one of the protonmotive force
 . generating systems cytochrome c oxidase and decreased on one of the protonmotive force dissipating systems adenine
.nucleotide translocator , even if the fluxes increased.q 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction
In addition to the well-known and often thoroughly
characterized carriers connecting the intramatricial
 w x w xand cytosolic metabolite pools see 1 , 2 for re-
.views , an increasing number of carriers for cations
Abbreviations: DpH, proton chemical potential difference
across mitochondrial inner membrane; DC , electrical potential
difference across mitochondrial inner membrane; D p, protonmo-
tive force.
)  .  .Corresponding author. Fax: 33 5 56.99.90.59; E-mail:
michel.rigoulet@ibgc.u-bordeaux2.fr
such as Ca2q, Kq and Naq have been described.
These transmembranal cation pathways correspond to
a heterogeneous class of mechanisms such as elec-
troneutral cationrHq exchangers, electrogenic cation
uniports, electrogenic or electroneutral cation ex-
 w x w x .changers and channels see 3 , 4 for recent reviews .
All these processes may be involved in the control of
the ionic and osmotic properties of mitochondria and
lead to dissipating the free energy stored in proton-
motive force as heat. Thus, in addition to the proton
leak, cation cycling or uptake can decrease the yield
of oxidative phosphorylation. However, except for
2q w xCa cycling 5 , no experimental evidence of such a
significant energy dissipation due to cation move-
0005-2728r97r$17.00 Copyright q 1997 Elsevier Science B.V. All rights reserved.
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ments under isoosmotic conditions has been pre-
sented.
It is relevant to note that many authors present
studies on the energetics of isolated rat liver mito-
chondria done in sucrose medium with a few mil-
 w x.limolar salts usually 2–20 mM, 6,7 or in media in
which osmolarity is essentially maintained by salts
with a few millimolar sucrose. It has previously been
w xshown 8 that when isolated rat liver mitochondria
are incubated in ionic medium containing both KCl
and NaCl instead of sucrose, matrix volume signifi-
cantly increases while protonmotive force decreases.
However, from this study, it is not possible to dis-
criminate the eventually distincts roles of either dif-
ferent cations or ionic strength on those parameters.
Furthermore, it should be considered that in situ,
mitochondria are in the cytosol, of which the osmo-
larity is essentially maintained by salts, such as Kq-
salts. So the question arises as to the way in which
potassium and other cations intervene in the energetic
of isolated rat liver mitochondria.
In this paper, we study the effect of ionic media
used instead of a sucrose medium on isolated rat liver
mitochondria oxidative phosphorylation. Using dif-
ferent ionic media in order to discriminate the origin
of their influence on oxidative phosphorylation, we
show that whatever the cation added, the respiratory
rate is stimulated without any change in the oxidative
phosphorylation yield. For identical osmolarities
measured, the matrix volume is slightly but signifi-
cantly increased in ionic media. Moreover, replacing
sucrose by a salt medium modifies both the relation-
 .ship between respiratory rate JO and protonmotive2
 .force D p and the distribution of kinetic control
through the oxidative phosphorylation pathway.
2. Materials and methods
2.1. Mitochondria preparation
Liver mitochondria were prepared from male Wis-
 .tar rats 250–300 g body weight starved overnight.
Rats were killed by cervical dislocation and liver was
rapidly removed and put into an ice-cold isolation
medium containing 225 mM sucrose, 20 mM Tris-HCl
 .pH 7.2 and 1 mM EGTA. Mitochondria were iso-
w xlated according to 9 in the same medium. The
mitochondrial pellet was finally resuspended in the
isolation medium. Protein concentration was esti-
mated by the biuret method using bovin serum albu-
w xmin as standard 10 .
2.2. Mitochondrial respiration and ATPrO measure-
ments
The rate of oxygen uptake in various media was
measured polarographically at 268C using a Clark-
type oxygen electrode connected to a microcomputer
giving an online display of rate values. Respiration
q buffer contained 5 mM TPMP tetraphenylmethyl-
. phosphonium , 5 mM DMO 5,5-dimethyl oxazoli-
.dine-2,4 dione , 5 mM mannitol, 20 mM Tris-HCl
 .pH 7.2 , 1 mM EGTA, 6 mM respiratory substrates,
5 mM Tris-P and either sucrose, KCl, NaCl, cholinei
chloride, potassium glucuronate, sodium glucuronate
or LiCl. Before use, sucrose, purchased from Merck,
was passed through the Dowex 50W column in order
to remove contaminating cations. 1–4 mg of mito-
chondrial proteinrml were used as a function of
experimental conditions after checking that the respi-
ratory rate was always directly proportional to the mg
of protein. For respiration measurements, 1–2 mg of
mitochondrial protein were used in a final volume of
1.5 ml. For either matrix volume or protonmotive
force measurements, 4 mg of mitochondrial proteins
were used in a final volume of 1 ml.
Oxygen concentrations in the different media were
determined with NADH quantitated spectrophotomet-
rically and yeast mitochondria.
Phosphorylation rate was measured in a respiratory
buffer supplemented with 1 mM ADP by ATP forma-
w xtion measured by a bioluminescence technique 11 .
ATP synthesis rate and oxygen consumption rate
were measured at the same time in the oxygraph
chamber. All reactions were stopped by adding an
aliquot of the medium to perchloric acid. The ATPrO
ratio stoichiometries were determined from the yield
of ATP synthesis rate versus state 3 respiratory rate.
The phosphorylation rate considered was the
oligomycin-sensitive one.
2.3. Measurement of matrix space, DpH and DC
using radiolabeled elements
Routinely, the protonmotive force under different
steady states was determined as follows: matrix space
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w3 x w14 xwas determined using H water and C mannitol,
an inner membrane impermeable sugar, in the respira-
 .tory buffer. After equilibration 3 min 0.5 mM to 1
mM ADP was added in order to reach state 3 respira-
tion. After 15 s, mitochondria were rapidly cen-
 .trifuged through silicone oil 20 s and then treated as
w xdescribed previously 12 . DpH was measured by
w14 x w xdistribution of C DMO according to 13 and DC
w3 x q 86 qby either H TPMP or Rb distribution.
TPMPq is a lipophilic cation which is partially
linked to membranes; so a correction for intramito-
chondrial binding of TPMPq was made by compar-
ing the distribution of TPMPq with that of Rbq over
a range of values of DC induced by valinomycin and
w x qdifferent external potassium concentrations 14 . Rb
was assumed not to bind to membranes and to have
an activity coefficient of 1. The calculation of TPMPq
w xactivity coefficient was done as described in 15 and
we found an activity coefficient for TPMPq on iso-
w xlated rat liver mitochondria of 0.38 16 .
Since our experimental conditions i e various
.incubation media could imply changes in membrane
structures, we also measured DC in parallel experi-
ments using 86Rb in the presence of valinomycin
 .0.13 mgrml , for two different media. We observed
w3 x qthe same linear relationship between H TPMP and
86Rb accumulation in both choline chloride and su-
crose medium. So we considered that the correction
factor used for TPMPq binding was available what-
ever the medium considered.
2.4. Measurements of ATPase acti˝ity
ATPase activity was measured in both sucrose and
choline chloride respiratory buffer without added P .i
These measurements were done in the presence of 1
mM KCN in order to inhibit the respiratory chain,
and 2 mM ATP. ATP hydrolysis was quantified by
 w x.estimations of P production Sumner method 17 .i
2.5. Measurements of medium osmolarity
Medium osmolarity measurements were done in
each buffer used for our experimentations. Medium
osmolarity was measured using a Roebling osmome-
ter. Osmolarity is determined via the freezing point of
an aliquot of the medium under study. Indeed, the
decrease in the freezing point compared to that of
distilled water is directly related to the osmolarity of
the medium.
2.6. Calculation of control coefficient
The control coefficients of various steps involved
in oxidative phosphorylation were determined with
specific inhibitors of these steps, according to the
definition:
d JrJ
JC sEi d E rEi i
in which J refers to the steady state flux and E toi
the enzyme under consideration. We used the model
w xof Gellerich and coworkers 18 to determine the
control coefficients. This method is based on non-lin-
ear regression to fit the experimental data to a model
assuming non-competitive inhibition.
3. Results
Under isoosmotic conditions, when mitochondria
were incubated in ionic media instead of a sucrose
medium, state 4 respiration with glutamate and malate
 .as substrates was not significantly changed Table 1 .
In contrast, state 3 was largely enhanced from 29%
 .  .choline chloride to 47% sodium glucuronate such
a result has been previously shown using potassium
w xchloride medium by Brown and Brand 19 . A similar
effect was found in the uncoupled state but, in this
case, the degree of stimulation was almost the same
 .about 40% whatever the composition of the ionic
media. Fig. 1 is a typical curve of state 3 respiratory
rate stimulation by increased salt concentrations and
exhibits a half state 3 stimulation for 22 mM potas-
sium glucuronate. The salt concentration necessary
 .for half of the state 3 stimulation K seemed to be0.5
linked to the cation involved and not to depend on
the anion under study: 22 mM in Kq-salts, around 38
mM in Naq-salts and 50 mM in LiCl medium. These
K value increases are related to the cation size for,0.5
at least, the inorganic cations considered in this study,
i.e., Liq-Naq-Kq. Moreover, when cations are
placed in aqueous solution, the smaller the cation the
higher the absolute value of the hydratation enthalpy
 . w xD H 20 , in such a way that the different K0.5
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Table 1
Respiratory rates and ATPrO ratio of rat liver mitochondria suspended in either sucrose or different ionic media
 .  .  .Media Respiratory rates flat OPminy1Pmg proteiny1 K mM ATPrO nat ATPrnat O0.5
state 4 state 3 uncoupled state
 .  .  .  .  .Sucrose 7"1 8 73"8 8 88"8 3 – 2.46"0.18 4 4
 .  .  .  .  .KCl 7"1 6 100"7 6 123"7 3 22"4 3 2.42"0.14 4
 .  .  .  .  .NaCl 6"1 5 105"8 5 125"8 3 39"7 3 2.37"0.1 4
 .  .  .  .  .Potassium glucuronate 7"1 4 99"7 4 123"7 3 22"5 3 2.39"0.18 4
 .  .  .  .  .Sodium glucuronate 7"1 6 107"9 6 126"9 3 36"6 3 2.41"0.25 4
 .  .  .  .LiCl 9"1 3 103"7 3 125"8 3 50"3 3 N.D.
 .  .  .  .  .Choline chloride 7"1 4 94"6 4 121"6 3 64"8 3 2.46"0.25 4
 .Mitochondria were suspended in respiratory buffer see Section 2 of 270 mosM final osmolarity of either sucrose or a salt as indicated in
this table. Uncoupled state was induced by DNP addition leading to maximal respiratory rate: 132 mM in sucrose media and 66 mM in
ionic media. K is the salt concentration necessary to obtain half the stimulation in state 3 when the osmolarity is maintained. Results0.5
are expressed as mean"S.E.M. for the numbers indicated.
could be related either to D H or to the hydratation
 .radius of the ion not shown .
A similar stimulation of respiratory rate under
either state 3 or the uncoupled state was observed in
each ionic medium when succinate was the electron
 .donor not shown . However, with TMPD q
ascorbate, the respiratory rate increase was low about
.15% but involved all the oxygen consumption states
 .not shown . The efficiency of oxidative phosphoryla-
tion estimated as the ATPrO ratio was identical in
 .all the media used Table 1 .
As previously shown, state 3 respiration rate stim-
ulation could be linked to a decrease in the real
osmolarity of the medium used andror to an increase
Fig. 1. State 4 and 3 respiration rates as a function of potassium
glucuronate concentration at constant osmolarity. K determina-0.5
tion was done as shown in the figure. v, state 3 respiration rate;
‘, state 4 respiration rate.
w xin matrix volume 6,7,21 . Moreover, our isoosmotic
conditions were calculated in order to obtain 250
 .mosM of osmotic support i.e., sucrose or salts . So
we measured buffer osmolarity and matrix volume
under state 3 respiration rate. Table 2 shows that for
the four media studied, buffer osmolarity was not
significantly different while matrix volume was
slightly but significantly increased in the ionic
medium.
Fig. 2A shows the relationships between JO and2
D p in mitochondria suspended in three different
isoosmotic media: sucrose, KCl and choline chloride.
The respiratory rate was titrated at different rates of
ATP synthesis obtained by different amounts of
oligomycin. We observed two distinct relationships
between these two parameters. At the same respira-
tory rate, the D p maintained in salt media was
similar and always lower than that measured in a
Table 2
Osmolarities of various incubation media and matrix volume of
rat liver mitochondria suspended in either sucrose or different
ionic media.
Medium Osmolarity Matrix volume
 .  .mosM mlrmg protein
 .  .Sucrose 270"4 3 0.53"0.03 8
 .  .KCl 273"6 3 0.65"0.03 8
 .  .NaCl 274"5 3 0.66"0.05 8
 .  .ChoCl 262"7 3 0.69"0.04 8
Osmolarities were measured using a Roebling osmometer as
described in Section 2. Matrix volume was measured under state
3 respiratory rate using radiolabelled elements as described in
Section 2. Results are expressed as mean"S.E.M. for the num-
bers indicated.
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Fig. 2. Relationships between respiration rate and protonmotive
force obtained in isolated rat liver mitochondria when JO is2
titrated with various oligomycin quantities. A: Dc measurement
w3 x qwas done using H TPMP as described in Section 2. v, KCl
medium; ‘, sucrose medium; q, choline chloride medium. B:
Dc measurement was done using 86Rb in the presence of 0.13
 .  .mgrml valinomycin n ChoCl medium, ’ sucrose medium.
Solid lines in the figure represent a linear regression between
experimental points. For experimental conditions, see Section 2.
 .sucrose medium. This difference around 20 mV was
exclusively due to the difference in DC . DpH was
 .not affected not shown while matrix volume is
increased. Fig. 2B shows that the same left-shifted
relationship between JO and D p is obtained in ionic2
medium compared to sucrose medium, when 86Rb is
used as a DC marker.
The question arises as to whether such a change in
the response of the respiratory chain to D p as a
function of medium composition is a particular prop-
erty of this proton pump or a general one. In the
presence of a respiratory chain inhibitor, ATPase
activity and the D p maintained were measured in
both choline chloride and sucrose media. ATPase
 y1activity was the same 30"2 nmol P Pmin Pmgi
y1.protein but the D p was 179"5 mV and 162"4
mV in sucrose and choline chloride, respectively.
Again, this discrepancy was due to DC values.
w xA central parameter in the control theory 22,23 is
the flux control coefficient which quantifies the
amount of control exerted by an enzyme on the
steady state flux through the metabolic pathway. The
flux control coefficient is defined as:
d JrJ
JC sEi d E rEi i
in which J refers to the steady state flux and E toi
the enzyme under consideration. As shown by Groen
w xet al 24 , the flux control coefficient of an enzyme
can be determined with a specific inhibitor.
Titration curves of the state 3 respiratory rate with
specific inhibitors of some enzymes of the oxidative
phosphorylation pathway are shown in Fig. 3. Com-
 .plex III was inhibited by means of antimycin A.A. ,
 .complex IV by potassium cyanide KCN and ade-
 .nine nucleotide carrier by carboxyatractylate CAT .
The control coefficients of these steps in different
media are given in Table 3. All control coefficients
were calculated according to the model of Gellerich
w xand coworkers 18 .
Table 3 shows that the flux control coefficients of
adenine nucleotide translocator and cytochrome c
 .oxidase in the sucrose medium are high 0.39 and
 .low 0.09 respectively. In contrast, in salt media, the
flux control coefficient of cytochrome c oxidase rose
 .around 0.55 while that of the adenine nucleotide
 .translocator decreased around 0.15 . It is worth not-
ing that the flux control coefficients of these two
enzymes were similar in all the ionic media studied.
Table 3
Flux control coefficient of b-c complex, adenine nucleotide1
translocator and cytochrome c oxidase on state 3 respiration in
mitochondria suspended in different media
Media Flux control coefficient
JO JO JO2 2 2C C Cbycl A N T c y t.o x
Sucrose 0.1 "0.03 0.39"0.07 0.09"0.03
KCl 0.08"0.04 0.18"0.04 0.59"0.10
NaCl N.D. 0.13"0.05 0.56"0.15
Choline chloride N.D. 0.13"0.03 0.46"0.10
 .Mitochondria 2 mg of protein were incubated in the medium
indicated in the table and described in Section 2 containing
glutamate, malate and 1 mM ADP. Flux control coefficients were
determined as described in the text. Results are expressed as
mean"S.E.M. of five such experiments.
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 .  .Fig. 3. Titration of respiratory rate by various oxidative phosphorylation pathway inhibitors in either secrose A or KCl B media. State
 .  .3 ’, n and 4 =, q respectively. A.A was antimycin A and CAT was carboxyatractylate.
Furthermore, complex III control on state 3 respira-
tory rate is low in both sucrose and KCl media. Thus,
under state 3, kinetic control was redistributed in
such a manner that in the sucrose medium, the ade-
nine nucleotide carrier was rate-controlling, while in
salt media, the kinetic control was shifted on the
respiratory chain.
4. Discussion
Under isoosmotic conditions, isolated rat liver mi-
tochondria suspended in various ionic media instead
of a sucrose medium exhibited a higher respiratory
rate under either state 3 or uncoupled state. Matrix
volume is 20% increased in ionic medium, although
media osmolarity was the same as that in sucrose
medium. This increase in matrix volume cannot yield
the stimulation of state 3 respiratory rate. Indeed, it
w xhas previously been described 21 that the oxygen
consumption rate under phosphorylating conditions is
increased when matrix volume is increased. How-
ever, it should be pointed out that in hypoosmotic
medium, JO is only 30% increased for a matrix2
volume which is twice as great as under isoosmotic
incubation conditions. Furthermore, a hypoosmotic
medium does not increase the respiratory control
ratio, because of the stimulation of state 4 respiratory
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rate. In an ionic medium, state 4 respiratory rate is
not increased while state 3 respiratory rate is around
35% higher. Firstly, it should be stressed that no
variation in state 4 respiration rate associated with a
decrease in protonmotive force means that there is an
increase in the inner membrane permeability to pro-
tons andror cations in ionic medium. Moreover, the
stimulation of state 3 respiratory rate in ionic medium
cannot be explained by either a purely osmotic phe-
nomenon or the slight increase in matrix volume.
The efficiency of oxidative phosphorylation esti-
mated as the ATPrO ratio remained constant, indi-
cating that no significant energy dissipation due to
cation movements occurred under this steady state in
salt media. Moreover, the K for the stimulation0.5
seemed to be linked to the size of the cation involved
and not to the properties of the putative transport
processes. Indeed, the K of the choline chloride0.5
medium is very high compared to the Km of the
w xcarrier 25 . Moreover, as the K of flux stimulation0.5
depends on the cation added, the respiratory rate
stimulation cannot be only the consequence of the
ionic strength variations. In fact, for inorganic cations
 q q q.Li , Na , K , there is a relationship between this
 .K and hydratation enthalpy not shown . Under0.5
non-phosphorylating conditions, the same respiratory
chain activity maintained a lower DC in ionic media.
It has already been shown that TPMPq accumulation
measurement could induce a misestimation in DC
w xmeasurements 26 . However, this decrease is not
linked to a modification of TPMPq binding because
86Rb, known as a marker which does not bind to
membranes, gives the same difference in DC for the
same respiratory rate. So this could be the conse-
quence of either an increase in proton leak or a slight
cation cycling andror uptake. Such a small change is
not incompatible with a constant efficiency of oxida-
tive phosphorylation, since both proton leak and
cation movements must be dependent on DC which
is decreased during oxidative phosphorylation. Thus,
under state 3, the part of respiration necessary for
proton andror cation leak compensation remained
very low whatever the external medium. However,
the main result is the different relationships between
JO and D p obtained in sucrose and ionic media.2
Indeed, for the same JO , the D p maintained was2
lower in ionic media. This phenomenon is not linked
to a particular property of a proton pump but is a
general feature. Indeed, when respiratory rate is com-
pletely inhibited, at the same ATPase activity the
protonmotive force maintained is lesser in ionic me-
dia. Such discrepancies may be explained in two
 .ways: i the increase in ionic strength might induce a
chaotropic effect on the water layer linked to the
membranes, leading to a change in the relationships
between bulk phase D p and proton pump activity.
However, such a chaotropic effect would decrease the
D p difference between the bulk aqueous phase and
w xthe interface with charged membranes 27 ; in this
case, we could expect a higher D p for the same JO2
 .in salt media; ii the salt environment might also
change some of the intrinsic properties of most of the
membranal enzymes. One of the consequences of this
would be a new relationship between JO or ATPase2
activity and D p in an ionic medium. The second
consequence would be the change in the kinetic
constraints of the oxidative phosphorylations. Indeed,
in ionic media, the flux control coefficient of adenine
nucleotide carrier on state 3 respiratory rate is de-
creased although the external ADP concentration is
not modified and the DC is decreased. Such a de-
crease in kinetic control related to an increase in the
flux through this enzyme could be explained by
either an increase in intramatricial ATPrADP ratio
or an activation of this enzyme. Under our experi-
mental conditions, in ionic medium, the ATP synthe-
sis is increased while D p is decreased, which is
incompatible with a significant increase in intramatri-
cial ATPrADP ratio. So the hypothesis of an activa-
tion of adenine nucleotide carrier by ionic medium
seems the more relevant one.
Concerning the electrons transfer pathway through
the respiratory chain, it has been proposed that it
could at least be partly channeled. Moreover, it has
w xbeen theoretically shown 28 that for a channeled
pathway, all control coefficients sum to more than
one and even two. However, data in the literature in
which the control coefficient of the different com-
plexes on the respiratory flux were determined by
means of inhibitor titration, show that the flux control
w xcoefficient sum close to one 24,29,30 . Moreover,
when comparing Complex III and cytochrome c oxi-
dase control coefficient on the respiratory flux, there
are numerous examples with very different control
w xcoefficients 29,31 , which seems indicate that there
is no channeling for electron transfer between Com-
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plex III and cytochrome oxidase. Indeed, if these two
enzymes are strictly channeled, one should expect to
assess the same control coefficient of each of them
on the respiratory flux when the method used for flux
control coefficient determination is irreversible in-
hibitor titration. In this study, even if in sucrose
medium, the control coefficient of Complex III and
cytochrome oxidase are low and almost the same,
they are very different in KCl medium. It has been
shown that the sum of the flux control coefficient for
group transfert reactions such as electron transport
w xhighly depends on the way they are calculated 32 .
So, further studies are necessary to understand better
why the likely electron channeling through respira-
tory chain does not lead to a flux control coefficient
greater than one. In any respect, from our data, it is
clear that the control is redistributed in ionic medium.
In salt media the control on respiratory rate exerted
by one of the D p producing processes i.e., cy-
.tochrome c oxidase increased while that exerted by
one of the D p consuming processes i.e., adenine
.nucleotide translocator decreased. In conclusion, it
must be stressed that in in situ conditions, mitochon-
dria are in a medium in which the osmolarity is
essentially due to salts. Therefore, studies on isolated
mitochondria done in salt media seem more relevant
for measuring kinetic control and flux-force relation-
ships.
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